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Abstract 
Fatigue tests were conducted using copper processed by equal channel angular pressing (ECAP) through 4, 8 and 12 
pass numbers. At high and medium stress amplitudes, the largest fatigue life was attained in the specimens 
processed by 8 passes, whereas the smallest one was given in 12 passes. At low stress amplitudes, S-N curves 
tended to coincide with a specific value of stress amplitude regardless of pass numbers. The physical background of 
the effect of ECAP pass numbers on S-N property was discussed from the viewpoints of microstructure and surface 
damage formation.  
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1. Introduction 
In the recent years, the interest in the processing of bulk ultrafine (UFG) materials with grain size in the range of 
some 100 nm through the application of equal channel angular pressing (ECAP) has grown significantly. Main 
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factors that influence the production efficiency associated with the formation of ultrafine grain structure are number 
of passes, route, pressing speed, die shape. Torre et al. (2004) studied microstructure and tensile property of copper 
processed by ECAP for 1 to 16 passes. They showed that a cell structure of 200 nm is established during the first 
pass, which remains approximately constant in size as the number of passes increases, and maximum tensile strength 
in the specimen subjected to four passes. For UFG Cu, Dobatkin et al. (2007) studied the effect of route and number 
of passes on microstructure and tensile property, showing that the tensile strengths increase by a factor of 1.5˗1.7 
relative to the initial stage and remain virtually constant during 5 to 25 passes for all routes. Meanwhile, for the 
envisaged structural applications, the fatigue behavior of UFG materials has been studied with a particular focus on 
cyclic deformation, S-N property, surface damage formation, and underlying microstructural mechanisms. However, 
little has been discussed about the effect of pass number on S-N property from the viewpoints of microstructure and 
surface damage. The focus of this study is to clarify the physical background of fatigue damage of UFG Cu 
processed by ECAP with different pass numbers.  
2. Experimental procedures 
The material used was oxygen-free copper (99.99 wt% Cu). Prior to performing the ECAP process, the materials 
were annealed at 500 ˚C for 1 hr (grain size: 100 Pm). An ECAP die used had an angle of 90˚ between intersecting 
channels. The angles at the inner and outer corners of the channel intersection were 90 and 45˚, respectively. 
Repetitive ECAP was accomplished according to the Bc-route. The coarse grained annealed copper, UFG copper 
processed through 1, 4, 8 and 12 passes are referred to hereafter as CG, UFG1, UFG4, UFG8 and UFG12, 
respectively. 
Round bar specimens of 5 mm diameter were machined from the respective processed bars. The fatigue 
specimens were electrolytically polished (≈ 25 Pm from the surface layer) prior to mechanical testing in order to 
remove any preparation affected surface layer. All fatigue tests were carried out at room temperature using a rotating 
bending fatigue machine operating at 50 Hz. The observations of fatigue damage on the specimen surface were 
performed using by optical microscopy (OM). The crack length, l, is a length measured along the circumferential 
direction of the surface. The measurement of crack length was conducted using a plastic replication technique. 
Transverse cross sections of as-ECAPed and post-fatigued bars were cut to prepare specimens for transmission 
electron microscopic (TEM) observation. Specimens were mechanically polished to a thickness of 100 Pm, and then 
subject to twin-jet electropolishing. The jet thinning was conducted at –30 ˚C. The degree of non-equilibrium state in 
the microstructure was measured using differential scanning calorimetry (DSC). All the experiments were performed 
using a nitrogen atmosphere in DSC chamber during continuous heating with a ramp rate of 10 ˚C/ min up to 450˚C. 
Table 1 shows the mechanical properties and the heat flow values by DSC. 
Table 1. Mechanical properties and heat flow values. 
Materials Tensile strength Vu (MPa) Elongation I (%) Heat flow (J/g) 
CG 232  ~ 0 
UFG1  25.1 0.92 
UFG4  20.5 0.85 
UFG8  22.6 0.69 
UFG12  13.5 0.49 
 
3. Experimental results and discussion 
3.1. Microstructure 
Figure 1 represents the typical TEM micrographs and SADPs (selected area diffraction patterns) for ECAPed Cu 
processed by (a) 1, (b) 4, (c) 8 and (d) 12 passes. A large number of dislocation began to be observed in the 
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specimen even after the first pass. After forth pass, equaxed grains tended to form with an average size of 300 nm.  
The size of 
 
Fig. 1. Typical TEM micrographs and the matching SADPs for ECAPed Cu processed by (a) 1, (b) 4, (c) 8, and (d) 12 cycles. 
these grains did not vary with further ECAP process up to 12 passes. Once the eqiaxed grains formed, the 
dislocation density inside the grain appeared to decrease with further ECAP process. To confirm this notion of the
dislocation density reduction with the ECAP process, the heat flow values of the specimens with different ECAP 
process cycles were measured by using DSC (Table 1). The rationale for this measurement is that the heat flow of 
pure copper would be solely controlled by the generation and/or annihilation of dislocations and grain boundaries 
(GBs) during ECAP processing, unlike the other alloys that either have had precipitation hardening or a solid 
solution-hardening mechanism. As might be expected, the heat flow values of the fully annealed copper were almost 
zero. With the ECAP process by one pass, the heat flow increased drastically accompanied with the increase in the 
dislocation density. Further the ECAP process, however, the stored energy, as represented by the heat flow value, 
began to gradually decrease reflecting the TEM observation shown in Fig. 1. Therefore, we believed that the tensile 
strength values of pure Cu increased with the increasing number of ECAP passes due to the strain hardening in the 
initial stage. Further ECAP process promoted the formation of equiaxed grains accompanied with the gradual 
decrease in dislocation density. Once the equiaxed grain formed, the decrease in dislocation density would be further 
accelerated due to the extremely high rate of dynamic recovery with the GB area acting as a dislocation sink, as 
proposed by Kim et al. (1995). The strain hardening mechanism would then stop to operate, or, at least, the role of 
the strain hardening mechanism would be weakened. Instead, the fine GB hardening mechanism would begin to 
dominate after the 4th pass of ECAP process. 
3.2. S-N property and surface damage 
Figure 2shows the S-N curves. At high and medium stress amplitude ranges, the largest fatigue life was attained 
in UFG8, whereas the smallest one was given in UFG12. At low stress amplitudes, the difference in fatigue life due 
to different numbers of ECAP pass decreased with a decrease in stress amplitudes. In a super long life field in 
excess of 5x107 cycles, the S-N curves tended to coincide with a specific value of stress amplitude independent of 
the difference in ECAP pass numbers.  
Figure 3 shows the change in surface Vickers hardness (load: 2.9 N) during repeated stressing of Va = 120 MPa. 
Here, each plot represents an average of the hardness measurements taken at six different locations. The maximum 
errors of the raw average hardness measurements were roughly within ±10%. All of the samples show a similar 
tendency of decreasing hardness. Namely, surface hardness decreases gradually with cycling up to the half fatigue 
lives, followed by the significant drop in hardness. However, there was a difference in ECAP pass number for the 
number of fatigue cycles to the onset of a significant drop. 
Figure 4 shows the formation process of surface damage at Va = 120 MPa for (a) UFG4, (b) UFG8 and (c) 
UFG12, where the numbers of cycles to failure, Nf, for these specimens were Nf = 3.75×106, 4.05×106 and 1.80×106 
cycles, respectively. To compare the degree of surface damage produced in these samples, OM photographs were 
taken in conjunction with the change in surface hardness during cyclic stressing (refer to Fig. 3). Colored arrows in 
Fig. 3 indicate the number of cycles when the micrographs of surface in Fig. 4 was taken. Symbols, A1, A2, etc., 
were attached near the arrows for easy correspondence to micrographs in Fig.4. It is found that there is a pronounced 
time lag in the onset of a significant enlargement of the damaged areas. In addition to this, the whole surface 
observations of these specimens indicated that the damaged regions were formed at an early stage of cycling, and 
that the number and area of these regions slowly increased with further cycling up to a specific number of cycles, 
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depending on the material and stress amplitude. Once this specific number of cycles had been exceeded, both the 
number and area of the damaged regions showed a significant rise. By investigating the change in surface hardness 
(Fig. 3) and formation  
       
                                 Fig. 2. S-N curves of ECAPed Cu.                                Fig. 3. Surface hardness change during the stressing of Va = 120 MPa. 
process of surface damage together, it is found that this considerably large drop in hardness in the latter half of the 
fatigue life is closely related to the significant formation of damaged areas. 
Valiev et al. (1994) showed that the GBs in UFG Cu are in highly non-equilibrium conditions and have high 
energies, where the absorption of dislocation into GBs takes place with remarkably enhanced diffusion. The initial 
(gentle) drop in hardness before the significant drop appears to result from a release of strain energy relating to a 
decrease in the density of dislocation inside the grains.The stored energy, as represented by the heat flow value, 
gradually decreased with the ECAP process cycles (Table 1), suggesting the dislocation density reduction with the 
ECAP process. Torre et al. (2004) studied UFG microstructure of Cu produced by ECAP for 1 to 16 process cycles, 
and they estimated that the dislocation density in the grain/cell walls remains roughly constant as the number of 
cycles increases. By investigating the present heat flow values and the estimation by Torre et al. (2004) together, the 
dislocation density within the grains/cells should show its higher value in the sample subjected to 4 cycles and 
decrease toward 12 cycles. The number of fatigue cycles needed to absorb mobile dislocation inside grains should 
be smaller for the grains/cells with lower dislocation density. Therefore, the number of fatigue cycles to the onset of 
significant harness drop was smaller in UFG12 with lower dislocation density than UFG4 and 8. Correspondingly, 
the number of cycles performed for UFG12, UFG4 and UFG8 prior to the start of the significant extension of 
surface damage was N ≈ 6×105, 1.8×106 and 1.7×106 cycles, respectively. 
The latter half of the fatigue life of all samples studied showed that the damaged regions were rapidly extended, 
with a large, simultaneous drop in surface hardness. Höppel et al (2002) conducted tension-compression fatigue tests  
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Fig. 4. Comparison of surface damage formed at Va = 120 MPa: (a) UFG4; (b) UFG; (c) UFG12.  
 
Fig. 5. Coarse grains in UFG8; (a) changes in surface states (Va = 90 MPa); (b) TEM micrograph of a post-fatigued specimen (Va = 100 MPa). 
on copper, deformed according to the C route using twelve passes, to investigate the parameters governing cyclic 
softening and microstructural coarsening during cyclic deformation. They showed that pronounced grain coarsening 
is related to a marked cyclic softening in strain-controlled tests, but in the regime of low stress amplitudes in stress-
controlled tests, only weak cyclic grain coarsening occurs. Fig. 5 (a) shows the change in surface states by OM. 
Prior to taking OM micrographs of damaged surfaces, the specimen surfaces were etched to reveal the 
microstructure after polishing off a few micrometers from the surface layers of the fatigued specimens. A blurry 
bright area highlighted by a white circle appeared at N = 1.0×106 cycles. This area indicates coarse grains as a result 
of dynamic recrystallization. The coarse grains gradually grew with subsequent stressing, and their size exceeded 
~100 Pm at N = 3×106 cycles. Fig. 5b shows a TEM micrograph of the post-fatigued microstructure. Coarsened 
grains embedded within the original fine grain/cell regions are generated. It can be concluded that drastically large 
decreases in the hardness related to the strain localization (Fig. 4) is attributed to a marked grain coarsening.  
3.3. Crack growth behavior 
At an early stage of cycling for all UFG copper samples, shear bands (SBs)/slip bands with micrometer-range 
were formed. A major crack, which led to the final fracture of the specimen, was initiated from the SBs and slip 
bands. Fig. 6 shows the initial growth paths of the major crack in UFG12. After the crack initiation, the crack tended 
to grow along the plane close to the maximum shear stress plane. When the crack length reached a specific value, 
however, the crack growth direction changed. Here, the specific crack length depended on the material and stress 
amplitude. 
To study qualitatively the growth behavior of UFG Cu samples, the crack growth rate (CGR, dl/dN) was 
calculated based on the raw crack growth data. Fig. 7 (a) shows the dl/dN vs. l relation at Va = 200 MPa, showing a 
linear relation. At Va = 120 MPa (Fig.7 (b)), the linear relation nearly held for UFG4 and 8, but the relation for 
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UFG12 exhibited a significant fluctuation in that the CGR tended to increase initially with increasing crack length. 
When the CGR reached 
around dl/dN = 5×10-7 mm/c, however, CGR dropped temporarily. The CGR after the temporary drop gradually
  
 
 
Fig. 6. Crack paths (UFG12).                                        Fig. 7. Crack growth characteristics: (a) Va = 200 MPa; (b) Va = 120 MPa.         
increased with further cycling. Once the CGR exceeded dl/dN = 10-6 mm/c, the CGR linearly increased with 
increasing crack length.  The temporary drop in CGR in UFG12 was successfully explained by a quantitative model, 
describing the crack growth mechanism, based on the reversible plastic zone size and microstructural factors. An 
absence of the temporary drop in CGR of UFG4 and 8 was related to the high fraction of misorientated low-angle 
GBs. Further details on the temporary drop in CGR have been published elsewhere by Goto et al. (2013). With the 
exception of the temporary CGR drop at low stress amplitudes, there were no significant difference in crack growth 
behavior regardless of the number of ECAP process cycles. This suggests that the different fatigue lives of the UFG 
samples does not result from the crack propagation life. The principal cause of different S-N properties is a 
difference in crack initiation life, which should be related to the grain coarsening due to the dynamic 
recovery/recrystallization. 
4. Conclusions 
The main results of the present study can be summarized as follows: 
1. A large number of dislocation was observed in the specimen subjected to the first ECAP pass. Further ECAP 
process promoted the formation of equiaxed grains. After the equiaxed grains were formed at the 4th ECAP pass, 
the decrease in dislocation density was accelerated due to the high rate of dynamic recovery. 
2. At high and medium stress amplitude ranges, the largest fatigue life was attained in UFG8, whereas the smallest 
one was given in UFG12. At low stress amplitudes, the difference in fatigue life due to ECAP process cycle 
decreased with a decrease in stress amplitudes. In a super long life field in excess of 5×107 cycles, the S-N curves 
tended to coincide with a specific value of stress amplitude independent of the difference in ECAP process numbers.  
3. The surface damage of UFG Cu was gradually formed with cycling, but significant extension of damaged areas 
was occurred in the latter half of fatigue life. Correspondingly, surface hardness exhibited an initial mild dropping 
term and subsequent severe drop in the latter half of fatigue life. The initial hardness drop resulted from the 
absorption of mobile dislocations at non-equilibrium GBs. The subsequent severe drop was attributed to the grain 
coarsening due to the dynamic recovery/recrystallization. 
4. With the exception of the temporary CGR drop in UFG12 at low stress amplitudes, there was no significant 
difference in crack growth rate at the same stress amplitudes regardless of the number of ECAP process cycles. This 
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suggests that different fatigue lives of UFG Cu processed by different ECAP pass numbers result from the crack 
initiation life, which should be related to the grain coarsening due to the dynamic recovery/recrystallization. 
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